Background Ingestion of ethanol before a glucose challenge enhances the insulin response by an unknown mechanism. In addition, epidemiological studies consistently indicate that moderate alcohol consumption reduces the risk of developing type 2 diabetes (T2D). The purposes of this study were to evaluate the potential involvement of glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide 1 (GLP-1) in alcohol-induced augmentation of the insulin response and to determine if red wine acutely improves glucose tolerance during an oral glucose tolerance test (OGTT). Methods Nine subjects (eight T2D and one pre-diabetes) completed two OGTT 30 min after consumption of 263 ml water or red wine (28 g ethanol). Blood samples were obtained for 3 h and analyzed for glucose, insulin, C-peptide, GIP, and GLP-1.
Introduction
Type 2 diabetes (T2D) is characterized by the inability of insulin to stimulate glucose uptake and reduce hepatic glucose production, and by reduced insulin secretion from pancreatic beta cells [1] . In addition, patients with type 2 diabetes often experience reductions in the incretin effect, the postprandial augmentation of insulin secretion by intestinal hormones. The incretin hormones, glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide 1 (GLP-1), are released from the small intestine by K and L cells, respectively, in response to ingested nutrients. Compared with healthy subjects, GIP secretion is slightly reduced and GLP-1 secretion substantially reduced for T2D patients, for whom sensitivity of pancreatic beta cells to the insulinotropic actions of both GIP and GLP-1 is also reduced [2] . Therefore, the inability of patients with T2D to dispose of orally ingested glucose is related to failure of the incretin hormones to adequately increase insulin secretion [2] .
Because lifestyle factors are prominent in the etiology of T2D, efforts to combat the disease have often focused on exercise and dietary intervention [3] . One dietary intervention with plausible preventive or therapeutic potential is consumption of alcoholic beverages. Epidemiological studies have consistently reported that moderate alcohol consumption, defined as 0.5-2 drinks (7-28 g ethanol) per day, is associated with a reduced incidence of T2D [4] [5] [6] [7] , with wine having a greater effect than liquor [6, 7] . Despite abundant evidence that suggests alcoholic beverages, especially wine, may alter glucose metabolism in a way that enhances glycemic control, a physiological mechanism has not been elucidated. Because the preponderance of evidence indicates that insulin sensitivity of peripheral tissues is unaffected by alcohol after both chronic and acute ingestion [8] [9] [10] [11] [12] , an alternative mechanism of ethanol's affect may be an altered hormonal response to ingested glucose. Ethanol itself does not affect basal insulin release, but when given before a glucose challenge alcohol augments insulin secretion [10, [13] [14] [15] [16] [17] [18] . Thus, it is possible that regular doses of alcohol act similarly to the sulfonylurea medications commonly used for treatment of T2D. Sulfonylureas stimulate insulin secretion from the pancreas, with the ultimate effect being lower blood glucose levels.
Although few studies have been undertaken to investigate alcohol-induced augmentation of insulin release, on the basis of the above explanation of the incretin effect, GIP and GLP-1 are potential mediators of this phenomenon. Adner and colleagues were able to abolish the alcohol-enhanced insulin response by blocking calcium channels with nifedipine and preventing phospholipid breakdown with indomethacin, but reported no involvement of GLP-1 [15, 17] . In an investigation of the effect of ethanol on postprandial lipemia, Dalgaard et al. [19] reported that alcohol reduced incretin responses to ingestion of a mixed meal, which suggests that neither GLP-1 nor GIP is involved in augmentation of insulin release. However, because of the methods used in these studies, the results are difficult to interpret. First, Adner and colleagues [15, 17] induced pancreatic insulin release by intravenous infusion of glucose, which bypasses the stimulus for GLP-1 secretion. Second, in the study of Dalgaard et al. [19] the mixed meals used for comparison differed in their carbohydrate content, leaving no true control group.
Because there are no available data showing the effects of wine on incretin responses to an oral glucose load, the purposes of this study were: 1. to evaluate the potential involvement of GIP and GLP-1 in the alcohol-induced augmentation of the insulin response; and 2. to determine whether red wine acutely affects glycemic control during an oral glucose tolerance test (OGTT) in T2D and insulin resistant subjects.
Methods Participants
Nine participants (six women and three men) with either T2D (n = 8) or pre-diabetes (n = 1) completed the study. Characteristics of the subjects are listed in Table 1 . Participants completed a questionnaire to provide information on medications, amount of exercise, and habitual alcohol consumption. All participants were taking medications for cardiovascular and/or diabetic complications, including metformin (n = 7), ACE inhibitors (n = 6), and statins (n = 6). None of the participants reported an exercise frequency of greater than 4 days per week or more than 30 min per session and four subjects reported no exercise at all. Weekly alcohol consumption was low to moderate, ranging from 0 to 6 drinks per week; seven subjects reported less than one drink per week. All subjects provided informed consent to participate in the study, which was approved by the Institutional Review Board of the University of Missouri.
Experimental design
The study followed a randomized crossover design, in which each subject completed two different OGTT on separate days. Because each OGTT, subjects consumed 263 ml of either water or red wine (Cabernet Sauvignon Monterey County, Chalone Vineyard, 2009; 13.5 % alcohol; 28 g ethanol). One gram of dextrose was added to the water to match the glucose concentration of the wine Metformin n = 7 Statins n = 6 ACE inhibitors n = 6 Sulfonylureas n = 2 DPP-IV inhibitors n = 1 (personal communication with Diageo). Thus, the total caloric intake was 200 kcal, with 98 % of calories supplied by ethanol and 2 % by carbohydrates. Thirty minutes after consuming the treatment beverage, subjects consumed 75 g glucose (Azer Scientific, Morgantown, PA, USA) and started an OGTT in which blood samples were taken periodically for 3 h (as discussed in the section ''Experimental protocol''). Each trial was separated by 1-2 weeks and all subjects were asked to refrain from taking their glucose-lowering medications on the morning of the laboratory visit. Participants were also instructed to abstain from alcohol and exercise for 48 h before each OGTT, and to follow a consistent diet for the 24 h before each laboratory session; this was verified by a diet and exercise questionnaire.
Experimental protocol
Subjects reported to the laboratory at approximately 7:00-8:00 AM after an overnight fast. An intravenous catheter was placed in an antecubital vein and a baseline blood sample was taken at time -30 min, after which the subjects consumed either water or wine. After 30 min, another venous blood sample was taken and the OGTT commenced with ingestion of a 75-g glucose drink, which was consumed within 2 min. Subsequent blood samples (*5 ml) were taken every 15 min for 3 h and placed in SST and EDTA tubes supplemented with aprotinin and dipeptidyl peptidase 4 (DPP-4) inhibitor. EDTA tubes were immediately placed on ice whereas SST tubes were left at room temperature for 15 min before centrifugation. Resulting plasma and serum were divided into sub-samples and stored at -80°C for subsequent analysis of serum glucose, insulin, C-peptide, and plasma GIP and GLP-1 concentrations.
Blood analysis
Baseline blood samples were sent to a commercial laboratory (Boyce and Bynum Pathology Labs, Columbia, MO, USA) for analysis of HbA1c and lipids. Serum samples collected during the OGTT were analyzed for glucose by use of a glucose analyzer (YSI 2700; YSI Life Sciences, Yellow Springs, OH, USA) and insulin and C-peptide by enzyme-linked immunosorbent assays (Immulite 1000; Siemens, Deerfield, IL, USA). GIP and GLP-1 were analyzed by use of enzyme-linked immunosorbent assays (EMD Millipore, Bellerica, MA, USA) specific for total human GIP and GLP-1 peptides.
Calculations and statistical analysis
Incremental AUC (iAUC) values for glucose, insulin, C-peptide, GIP, and GLP-1 were determined for each OGTT by the trapezoid method, in accordance with Wolever [20] . This method of calculation considers only plasma concentrations above baseline; thus, the iAUC is an expression of both the magnitude and duration of the plasma responses, while correcting for baseline values. To evaluate beta cell function, we calculated the ratio of the change in C-peptide to the change in glucose (DC-pep/ Dglucose) over the duration of each OGTT. Variables for the water and wine OGTT were compared by use of repeated measures ANOVA, with the Sidak correction. Statistical analysis was performed with SPSS software and significance was accepted if p \ 0.05. Results are presented as mean ± SE. for water and wine, respectively; p \ 0.05). Despite a higher rate of increase in glucose (D glucose/D time) over the first 45 min after treatment with wine (0.15 ± 0.01 vs. 0.11 ± 0.01 mmol/l/min; p \ 0.01), the iAUC was similar in both trials (917 ± 88 vs. 904 ± 79 mmol/l 9 min for water and wine, respectively; p = 0.82).
Results

Glucose
Insulin and C-peptide
The insulin responses to each OGTT are shown in Fig. 2 . Although ingestion of wine or water at -30 min did not induce an insulin response, during the OGTT wine increased integrated insulin responses for eight of the nine subjects, compared with water. The insulin iAUC was 50 % greater after wine than after water (14,837 ± 4759 vs. 9885 ± 2686 lU/ml 9 min; p \ 0.05). C-peptide responses followed similar patterns to those of insulin (Fig. 3 ). After treatment with wine, C-peptide iAUC was 23 % greater than after water (493 ± 114.4 vs. 400 ± 73.7 nmol/l 9 min), but this difference did not reach statistical significance (p = 0.11). Although the C-peptide response tended to be higher after ingestion of wine, beta cell function was not altered, because DC-pep/ Dglucose values were similar at each time point.
Incretin hormones
The responses of GIP and GLP-1 are shown in Figs. 4 and 5, respectively. Treatment with wine induced a significant 25 % increase in GIP iAUC (7729 ± 1548 vs. 6191 ± 1049 pmol/l 9 min; p \ 0.05). GLP-1 iAUC was no different in the water and wine trials (1034 ± 535 vs. 1038 ± 518 pmol/l 9 min; p = 0.99).
The correlation coefficient between the relative wineinduced changes (%) in GIP iAUC and insulin iAUC was 0.35, which was not statistically significant (p = 0.18). This is depicted in Fig. 6 . However, for one subject insulin iAUC after red wine increased an inordinate 3.4-fold compared with the control trial, despite a typical GIP response. If this outlier is removed from the calculation, the correlation coefficient increased to 0.62 and approached statistical significance (p = 0.051).
Discussion
In this study, we evaluated the acute effect of red wine on hormonal responses to glucose ingestion during OGTT. The novel findings were that red wine enhanced both GIP and insulin responses in T2D. These results suggest that the alcohol-induced augmentation of insulin release may be mediated at least partially by an increase in GIP. However, this is not true for incretins in general, because GLP-1 levels were similar in the two trials. Despite a greater insulin response after ingestion of wine, there was no change in glucose iAUC and, therefore, no enhancement of glycemic control.
Regarding the effect of alcohol on the incretin hormones, our results differ from those of Dalgaard et al. [19] . In that study, participants with T2D consumed a mixed meal with or without ethanol; it was concluded that ethanol reduced both GIP and GLP-1 responses. Unfortunately, the mixed meals used by Dalgaard et al. [19] for comparison of the incretin effect differed in their carbohydrate contents and this lack of a control group complicates interpretation. Also, it is unclear whether participants consumed alcohol before eating their mixed meals or the ethanol and food were consumed simultaneously. On the other hand, our results seem to confirm those of Svartberg et al. [17] , who concluded that GLP-1 was not involved in alcohol-induced augmentation of insulin release. However, their use of intravenous glucose tolerance tests is problematic, because GLP-1 release is not stimulated by infused glucose [21] ; thus, there can be little meaningful comparison between the current investigation and that of Svartberg et al. [17] .
Because both GIP and insulin responses to ingested glucose were enhanced after pretreatment with red wine, it is tempting to infer causality. GIP, with GLP-1, is released from the intestinal mucosa in the presence of ingested nutrients and signals the pancreas to release insulin; these incretin hormones have been shown to account for up to Red wine enhances glucose-dependent insulinotropic peptide (GIP) and insulin responses in… 177 50-70 % of postprandial insulin secretion [22] . Therefore, it seems logical to conclude that red wine ingestion enhanced the GIP response and that this increase in GIP had an insulinotropic effect on the pancreas. The relationship between the wine-induced increases in GIP iAUC and insulin iAUC (Fig. 6) indicates a weak positive relationship, with a correlation coefficient of 0.35 (r 2 = 0.12). However, this calculation was heavily affected by a single data point for one subject for whom wine induced an unusually large, 3.4-fold, increase in insulin iAUC compared with the control trial, despite a typical GIP response. If this outlier is removed from the data set, the correlation coefficient increases to 0.62 and r 2 to 0.38, which implies that the GIP response is accountable for 38 % of the variation in the insulin response. These data must be interpreted with caution, because even a strong correlation simply indicates a relationship exists and does not imply causality.
Because of the rationale for this experiment, the large 3.4-fold increase in iAUC induced by red wine for one subject is of interest. First, the veracity of this unexpected insulin response is not in doubt, because this subject's C-peptide iAUC during the wine trial was 3.5-fold higher than after treatment with water, which corroborates the insulin data. Also, it is apparent that GLP-1 was not involved, because no GLP-1 response to glucose ingestion was observed for this subject in either trial. Regarding personal characteristics, this participant was the only subject to report moderate levels of alcohol consumption (6 drinks of wine per week); however, whether or not habitual alcohol consumption affected the insulin response during this participant's OGTT is unknown, and we are unaware of any study that directly addresses this issue. Thus, future investigation of the effects of chronic alcohol consumption on acute hormonal responses to glucose ingestion is warranted.
Despite a positive relationship between wine-induced changes in GIP and insulin, other potential mechanisms must be considered. First, plasma glucose concentration increased more rapidly in the red wine trial than in the water trial (Fig. 1) . Because insulin secretion is primarily controlled by the prevailing concentration of glucose [23] , the greater rate of increase of plasma glucose over the first 45 min of the OGTT may have elicited greater insulin secretion that is apparent over 90 min (Figs. 1, 2) . Second, the greater rate of increase of plasma glucose may be indicative of an increased rate of gastric emptying. Both GIP and GLP-1 responses to ingested glucose depend on the glucose load, such that higher rates of glucose entry into the duodenum induce greater incretin secretion [24] . Although we do not know the reason for the greater rate of increase of plasma glucose, it seems unlikely that it is related to gastric emptying, because alcohol has been consistently shown to inhibit the rate of gastric emptying of both liquid and solid food [25] [26] [27] . Finally, it must be noted that an enhanced insulin response after pretreatment with alcohol can be elicited via intravenous infusion of glucose, which bypasses the stimulus for GIP and GLP-1 secretion [14, 15, 17] . Whereas this does not preclude involvement of GIP in this study, it does indicate that the incretins are not necessary for alcohol-induced augmentation of insulin release.
Because GIP and GLP-1 have similar stimuli for release and similar effects on target cells, they are often grouped together as ''incretin hormones.'' However, our results show that red wine enhanced the GIP response whereas GLP-1 iAUC values were nearly identical in the two trials (Fig. 5) . Different responses of GIP and GLP-1 to identical stimuli have been reported previously. For both healthy men [24] and lean rats [28] , GIP-secreting cells were more sensitive to intestinal carbohydrate content than GLP-1-secreting cells. Because no data exist regarding the effect of wine on incretin hormone release, we can only speculate that wine may affect sensitivity of K and L cells to glucose differently.
Because T2D is characterized by defective GIP [29] and glucose-stimulated insulin secretion [1, 30] , our findings of enhanced GIP (25 %) and insulin responses (50 %) could be interpreted as a positive outcome with regard to management of blood glucose levels. However, there was no improvement in glucose iAUC and, therefore, no enhancement of glycemic control during this three-hour period. That the glucose response was unchanged after red wine ingestion, despite a large increase in insulin iAUC, can probably be explained by the insulin resistance of the subjects. In addition to being clinically diagnosed with T2D or pre-diabetes, the subjects' average HOMA2-IR value of 2.75 is well above published cutoffs for insulin resistance [31, 32] . Further, the glucose response in the control trial (Fig. 1a) reveals that plasma glucose values were above 13 mmol/l after 120 min and nearly 9 mmol/l after 180 min; thus, these participants sustained very high glucose levels for the duration of the test. An alternative explanation is that red wine somehow directly reduced insulin sensitivity or interfered with glucose transport into tissues. This scenario seems unlikely, because hyperinsulinemic, euglycemic clamp, and frequently-sampled intravenous glucose tolerance tests showed no effect of ethanol on insulin sensitivity [11, 12] . Therefore, although ingestion of red wine elicited a greater insulin response, as predicted, it is apparent that underlying insulin resistance rendered these participants unable to improve their glycemic control.
Although there has been no previous evaluation of the effect of red wine on plasma glucose and hormonal responses during an OGTT in T2D, our results are qualitatively similar to previous reports regarding alcohol and insulin. Among healthy women, red wine increased the insulin peak during an OGTT, which subsequently reduced plasma glucose levels [18] . Koivisto [16] showed for T2D patients that a mixed meal with a combination of an aperitif of vodka, red wine with the meal, and cognac after dinner enhanced meal-induced insulin secretion and reduced blood glucose concentration the following morning. Christiansen et al. [10] reported that insulin iAUC increased dose-dependently with alcohol content in the form of beer. Other studies using acute alcohol ingestion simultaneously with a mixed meal have not reported an enhanced insulin response [33, 34] , but this may be because the alcoholic beverage was consumed with the meal rather than before food consumption.
Wine, which contains hundreds of phytochemicals in addition to ethanol, is a chemically complex beverage. However, because all types of alcoholic beverages enhance insulin release, we consider the physiological effects reported in this study to be derived from alcohol. Red wine was chosen as the alcoholic beverage treatment because its consumption is associated with larger reductions in the risk of developing T2D compared with liquor [6, 7] , and dry wine is commonly consumed as an aperitif. It should be noted, however, that some of the phenolic compounds in red wine, for example tannic acid and resveratrol, have been reported to affect glucose metabolism independently of an ethanol effect [34, 35] . Thus, future studies are warranted in which incretin responses to alcoholic and nonalcoholic components of wine are evaluated.
This study has several limitations that should be addressed. First, the experimental procedure requiring participants to ingest alcohol after an overnight fast is rarely experienced by free-living humans. However, this research design ensured consistent baseline values for glucose, insulin, GIP, and GLP-1. Future studies might be undertaken in which red wine is provided before the evening meal. Second, the 3-h time frame for analysis of glycemic control may be too brief for our subjects. After 3 h, plasma glucose levels were near 9.0 mmol/l and insulin levels remained well above baseline. Thus, it is possible that a longer time period for analysis would reveal differences that had not yet developed at 3 h. Finally, our measurements of GIP and GLP-1 did not include assays of the intact (active) forms. It is the active forms, before enzymatic inactivation by DPP-IV, that have insulinotropic effects. Because the half-lives of these hormones are quite brief (GIP: 5-7 min; GLP-1: \2 min; [36] ), blood samples must be taken frequently to evaluate changes over time. We analyzed total (both active and inactive peptides) incretin levels at 30-min increments, which provides a clearer picture of the overall incretin response.
In conclusion, we have shown that ingestion of red wine before an OGTT induces a greater insulin response in T2D, which may be partially driven by an enhanced GIP response. However, glucose levels were not reduced, which indicates that elevated insulin levels did not improve glycemic control. Therefore, acute consumption of red wine may not be an effective treatment of T2D or may need to be combined with therapy that improves insulin sensitivity.
